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ABSTRACT

Volcanologists are often asked a question of the form, "What are the 
chances that a volcano will erupt within a specific time span or display a 
certain type of eruptive activity?" An answer could address any of three 
different time spans short (hours to days), intermediate (weeks to 
months), and long (years to millenia), and it should describe the chances 
in terms that will be meaningful even if the questioner is not a 
volcanologist. This paper describes a method for quantifying intermediate 
and long-term probabilities of volcanic hazards, and translating these 
probabilities into estimates of risk comparable with those for more 
familiar risks. Though the estimates derived by this method include large 
uncertainties, they may help civil authorities determine whether a 
particular volcanic risk is acceptable, and what access and land use 
should be permitted.

The probability of a volcanic hazard (or the risk, where people and 
property are involved) can be estimated by multiplying the probability 
(Pi) of an initial volcanic event, E^, by the conditional 
probabilities (P2,3...njl 2,...n-l) °f increasingly specific derivative 
events, £2 3 ... n ' Each conditional probability is the probability that 
event En will occur, given that event En_i has occurred.

The events to be considered for long- and intermediate-term estimates 
are

EI = the beginning of an eruptive period (i.e., a period of frequent 
eruptions, often extending over a decade or more, preceded and followed by 
repose periods of a decade or more);

£2 = the beginning of an eruptive sequence (i.e., a sequence of 
eruptions without any repose that lasts longer than 6 months);

£3 = the beginning of an eruption (i.e., days or weeks of explosive 
or non-explosive ejection of volcanic material onto the earth's surface, 
without any repose that lasts longer than 1 week);

^4a,b,c = a major-explosive eruption (defined here as producing 
0.1 km-J or more of pyroclastic ejecta), a minor-explosive eruption 
(producing less than 0.1 km3 of pyroclastic ejecta), or a non-explosive 
eruption, respectively, where ^i^at ]) t c t are mutually exclusive events;

^5a-g = pyroclastic flows, mudflows, laterally directed blasts or 
pyroclastic surges, ballistic fragments, tephra fall, lava flows, and 
dangerous gas emissions;

^6a-g = events 5a-g that reach specified distances from the vent;
^7a-p = events 6a_g that affect any one of sixteen 22 1/2° 

sectors around the volcano;
E8a-g = events 7a_p that affect a specific site; and
^9a-g = events 8a_g that are lethal at that site.

The probabilities of volcanic hazards can be calculated for a general 
event, e.g., an eruptive period (E^); for moderately specific events, 
e.g., a pyroclastic flow anywhere around the volcano (E5a ); or for a 
very specific event, e.g., a pyroclastic flow that will be lethal at a 
specific location (E9a ). In each case,

Pn = P! x P 2 Jl... x Pn j n -i.



To calculate volcanic risks associated with these events, we can further 
multiply by the probability of routine exposure to the risks (PIQ) and 
the probability that an individual will remain in the area even when an 
eruption is imminent (PH).

The calculations outlined here have been made for Mount St. Helens, 
using data from historic and prehistoric eruptions at St. Helens and 
similar volcanoes. Zones of equal risk have been plotted on a topographic 
map. Hazards and risks decrease gradationally away from the vent; within 
a radius of 30 km from the vent, they decrease more abruptly along high 
terrain than in valleys, and decrease by an average of about one order of 
magnitude for every 10 km of distance from the vent.

One challenge for future studies is to refine long- and intermediate- 
term probability estimates through a better understanding of the processes 
that control the timing and character of eruptions. Another is to use 
short- to intermediate-term geophysical and geochemical monitoring to 
re-estimate the probabilities of the same events within shorter time 
frames, as is often needed during an eruption sequence.



Introduction

Those who live or work near volcanoes, or who must make decisions about 
public access and land use, require quantitative information about volcanic 
hazards and risks in order to judge whether those risks are acceptable. This 
report describes a method for quantifying these hazards and risks. The method 
(a) identifies factors that determine hazards and risks, (b) allows the 
probabilities of various hazards to be compared with each other and between 
areas around a volcano, (c) allows estimates of the net risk from all volcanic 
hazards to human life, and (d) allows comparisons of volcanic risk with more 
familiar risks, such as those of selected occupations or everyday activities.

Volcanic hazards are volcanic phenomena (e.g., pyroclastic flows, ashfall) 
that pose a threat to persons or property. The U.S. Geological Survey has 
published much information about potential volcanic hazards in the Cascades, 
but neither the Survey nor others have published much information about 
probabilities of each type and magnitude of hazard.

Volcanic risks are the expected adverse effects of volcanic hazards on 
persons or property. For the most part, assessment of these effects is beyond 
the expertise of volcanologists, but in the interest of making hazard 
assessments more meaningful, this report will discuss the risk of immediate 
death from volcanic activity; other risks, to health and property, will not be 
discussed here.

Hazard and risk assessments can be made along several time scales: 
long-term (years to millenia), intermediate-term (weeks to months) and 
short-term (hours to days). Long-term assessments are based mainly on the 
eruptive history of a volcano, e.g., the report by Crandell and Mullineaux 
(1978) that presents a long-term hazard assessment for Mount St. Helens. 
Intermediate-term assessments are long-term assessments modified by 
information from studies of precursory or eruptive activity of the preceding 
weeks and months. Intermediate- and long-term assessments discuss the 
probable frequency and nature of future eruptions, but do not specifically 
forecast dates or types of eruptions. Specific short-term hazard assessments 
are based on monitoring data from the preceding hours, days and weeks, and 
they forecast events that are likely to occur within the next few hours, days 
or, occasionally, weeks. This report will address long-term and, to some 
extent, intermediate-term assessments; short- and more precise 
intermediate-term estimates must make use of geophysical and geochemical 
monitoring data as well as the known eruptive history of the volcano. 
Long-term hazard assessments might serve as baselines against which 
shorter-term assessments may be compared.

The primary purpose of this report is to set forth a method of quantifying 
intermediate and long-term volcanic hazards and risks; the report also 
estimates intermediate-term risks to life around Mount St. Helens as of 
February 1980, early June 1980, August 1981, and February 1982. Unless 
otherwise indicated, estimates given as examples are for February 1982 
(Figures 1-4; Appendices 4-7). There have been significant changes in the 
estimates of both hazards and risks in the two years between February 1980 and 
February 1982, and there will be further changes as new events occur and as 
new discoveries about the volcano are made.



A method for estimating volcanic risks, with an example from Mount St. 
Helens

In order to calculate the probabilities of volcanic hazards, one can 
consider the probabilities of the following, increasingly specific events:

1. E-^   the beginning of an eruptive period (i.e., decades to 
centuries of relatively frequent volcanism that are preceded and 
followed by repose periods of a decade or more; at Mount St. Helens, 
recent eruptive periods are (roughly) from 1500 to 1650, 1800 to 1860, 
and from 1980 to the present)*;
2. £2   the beginning of an eruptive sequence (i.e., a sequence of 
eruptions that lasts for a few weeks, months, or years without any 
pause longer than 6 months; e.g., 1980-81 and continuing);
3. £3   the beginning of an eruption (i.e., ejection or outpouring 
of volcanic material that lasts for hours, days, or more without any 
pause longer than one week; e.g., eruptions of Mount St. Helens on 
3/27/80, 5/18/80, 10/16/80-10/19/80, and 12/27/80-1/4/81);
4. E^   a major-explosive eruption, E^a (defined as one that 
produces a volume of pyroclastic ejecta equal to or greater than 0.1 
km3), a minor-explosive eruption, EAK (one whose volume of 
pyroclastic ejecta less than 0.1 knH), or a non-explosive eruption,
E4c;
5. E5a-g   a specific kind of eruptive activity (pyroclastic flow, 
mudflow, lateral blast or pyroclastic surge, ejection of ballistic 
fragments, tephra fall, lava flow, or dangerous gas emission; the 
letters a-g here correspond respectively to these phenomena);
6. E^a_g   specified eruptive activity that reaches specified 
distances ;
7. Eya_p   specified eruptive activity that affects specified 
sectors around the volcano (the letters a-p correspond to sixteen 22 
1/2 - sectors) ;
8. Ega _g   specified eruptive activity that affects a certain, 
relatively small site; and
9. E9a-g   specified eruptive activity that is lethal at that site 
(recognizing that persons can move out of the way of slowly-moving 
phenomena) .

To estimate volcanic risks , one may also need to consider the 
following events:

10. EIQ   a person is routinely present in the hazardous area, and
11. EH   a person will remain in the hazardous area at the time of 
eruption. If that person has a radio and a vehicle and is willing to 
leave, the probability of E^ is approximately equal to the 
probability that hazardous eruptions can be predicted more than two 
hours in advance.

*More complete listings of data for Mount St. Helens appear in Appendices 
1 and 2.



Events &2 ) 3 i ...9 are conditional on prior events, i.e., they cannot 
occur until events E]_ 2,...8 have occurred; events E]_, EIQ an<* E ll 
are not conditional on prior events. Events E^ and £7 are 
interchangeable, but will be treated in the indicated order for the sake 
of convenience.

A conditional probability is the probability that a particular event 
will occur, given that a necessary prior event has already occurred. In 
conventional probability notation, the probability of event 2, if event 1 
has occurred, is shown as P 2 |i (= P E 2|E^ ). The probability (Pn ) 
of any volcanic hazard (En ) can be calculated from the probability 
(Pi) of an initial volcanic event, multiplied by the conditional 
probabilities ( p 2,3...n)l,2,...n-1) °f increasingly specific volcanic 
events E2,3,...n' P2 thus becomes the probability of E^ and £2, 
i.e., PI x P2|l' For whatever degree of specificity n that is 
required, Pn is the probability of events E^ and £2 and ... En , 
i.e., Px x P 2 |l x ... Pn | n-i. PI and P2 |i } 3|2, ...9|8> are 
estimated from the frequencies of each event, En | n _^ } at Mount St. 
Helens or at similar volcanoes elsewhere in the world.

Any Pn may be multiplied in turn by the probabilities of related 
events En+^ ii>mj that are not strictly in the chain of volcanic events 
El,2...n hut that must be considered to calculate risks. For example, 
the probability that an individual will be killed by a specified kind of 
eruptive activity is P9 x PIQ * PH. PIQ is estimated on the 
basis of the percentage of time an individual routinely spends in the 
hazardous area, and PH is estimated subjectively on the basis of an 
assessment of monitoring, warning and evacuation capabilities. Whenever 
an event En is in progress, the current probabilities of that event and 
those necessarily prior to it, &l t 2 9 ...n-l» are equal to 1, as for 
example PI and ?2 equal 1 for Mount St. Helens at present.

Some mutually exclusive events can lead to the same result. For 
example, a pyroclastic flow (£53) can form during either a major- or a 
minor-explosive eruption (E^a or £45). Similarly, a flowage hazard 
along any one river (e.g., along the Muddy River at Mount St. Helens) 
might arrive by way of any of several tributaries (e.g., Smith Creek, Pine 
Creek, Clearwater Creek at Mount St. Helens). As still another example of 
mutually exclusive events that can lead to the same result, a person might 
be killed by any of several volcanic hazards. The probabilities of the 
various mutually exclusive paths are summed so that, in the first example,
P5a = [P4a * P5a |4al + [P4b x P5a|4bl-

P3,4,...7)2,3,...6 an<* PH depend on the "intermediate-term" state 
of the volcano   the prevailing behavior of the volcano over the 
preceding weeks and months. Intermediate-term values for
P3,4, ...7)2,3, ...6 and Pi! a t Mount St. Helens are long-term values 
for those probabilities modified by the intermediate-term information. 
Given a range of possible values for each of these probabilities, 
relatively high or low values can be used, depending on what kind of



activity   major-explosive, minor-explosive or non-explosive  is 
considered to be the most likely, on the basis of recent eruptive trends, 
seismicity, deformation and other precursory activity. This is admittedly 
a crude approximation; additional study of observable and causal relations 
between eruptions and their precursors is needed before ?3-y and PH 
can be properly quantified for short- and intermediate-term assessments.

As an example of how the values in Appendices 4-7 have been estimated, 
consider the intermediate-term probability, as of February 1982, that a 
person will be killed by a pyroclastic flow at the south shore of Spirit 
Lake. The probability of a pyroclastic flow on any given day from a 
major-explosive eruption of St. Helens is approximately .02 (£312) x .05 
( p4a|s) x -75 (P5a|4a) = -00075. The probability of a pyroclastic 
flow on any given day from a minor-explosive eruption at St. Helens is 
approximately .02 (P3J2) x .20 (P4b|3) x -38 (P5a |4b) = -0015. The 
probability that the pyroclastic flow will reach to Spirit Lake (8 km 
north-northeast of the present vent) is approximately .0022 (P5a ) x 0.64
( p6a|5a) x 0.3 (P~/a[6a^ = -0004. If a given individual resides on the 
south shore of Spirit Lake and lacks means of communication and 
evacuation, his chance of being would be killed on any given day by a 
pyroclastic flow is approximately .0004 (Pya ) x .33 (P8a|7a) x 1 ( p9a| 
ga ) x 1 (PIQ) x 1 (PH) = .0001. The probability that this person 
would be killed by a pyroclastic flow within the next year is 1 minus the 
probability that he will not be killed by a pyroclastic flow in that same 
year, in 365 "trials", i.e., 1 - (1 - .0001)365 = 0.04. His annual 
risk at that location from other volcanic events (mudflows, lateral 
blasts, ballistic fragments, tephra fall, lava flows, and dangerous gas 
emissions) is about 0.03, for an annual volcanic risk to life from all 
volcanic events of about 0.07.

If that person is in the area on a working schedule, eight hours per 
day, 220 days per year, if he has radio communications with the U.S. 
Geological Survey/University of Washington monitoring operation, and if he 
has a way to leave the area within about two hours, his average risk per 
day (from all volcanic activity) would be approximately .0002 (Pg) x .2 
(PIQ) x .01 (PH) = .0000004. This is equivalent to an annual risk of 
1 - (1 - .0000004)365 = .0002, or roughly a two-in-one-thousand chance 
of being killed within the next year by volcanic activity.

The limitations of this approach are discussed in the next section. 
It is to be emphasized that these probabilities are very rough estimates; 
the actual probabilities may be at least an order of magnitude higher or 
lower than the value stated here.



Uncertainties in the estimates of volcanic risk

Several uncertainties are inherent in the probability estimates given 
here. The most serious point of uncertainty is that nearly all of the
component probabilities (?]_, ?2,3,..,9|l,2,...8» P10 and pll^ are 
calculated on the basis of a very small number of past events. Historical 
records at most volcanoes are short compared to the recurrence frequencies 
of volcanic events. Only a few volcanic events have occurred in the short 
recorded history of Mount St. Helens (limited to the 19th and 20th 
centuries). Similarly, only a few major volcanic eruptions have occurred 
at St. Helens in the last 1500 years; many other smaller eruptions 
probably occurred, but their deposits are either too indistinct to be 
recognized as products from discrete eruptions, or they have been eroded 
or buried. Our limited information about eruptions at Mount St. Helens, 
and even more limited information for many other volcanoes, can be 
supplemented from our knowledge of worldwide volcanism during historic 
time (Simkin and others, 1981). Worldwide data is especially useful when 
we know enough about an individual volcano to know which subsets of 
worldwide data to use, but not enough about the individual volcano for the 
known frequencies of its events to be meaningful by themselves. Because 
of these general limitations in the data, we can infer much about the 
types of events that have occurred at a volcano, less about their relative 
frequencies of occurrence, and least about their absolute frequencies.

A related uncertainty in these probability estimates comes from the 
fact that for steps 1-5 (above and Appendix 1) there are several different 
sets or subsets of data that might be used. Each different subset of data 
yields a different probability for that step. There is an element of 
subjectivity in the choice of an appropriate data set; the size, 
completeness, and aptness of each possible data set must be considered.

A third basis of uncertainty is that volcanic processes and the deeper 
structure of most volcanoes, including Mount St. Helens, are not well 
enough understood for us to know how the observed short- and 
intermediate-term changes in a given volcano's behavior affect the 
probabilities of various events. For example, the volumes of volcanic 
gases rising from St. Helens have decreased since the summer of 1980, 
apparently because the volatiles in the near-surface melt are becoming 
depleted (T. Casadevall, oral communication). We have no precise way of 
estimating the implications for ?3, ?4, and ?5 at St. Helens, and it 
will be even more difficult to asses the same probabilities at volcanoes 
that are less well understood than Mount St. Helens.

There are uncertainties affecting other steps, as follow.
1. At steps 2 and 3, if may be difficult to distinguish between 

"eruptive sequences" and "discrete eruptions". For Mount St. Helens, for 
example, the historical records of the 19th century are too poor to 
indicate whether there were 9 eruptive sequences between 1800 and 1857, or 
a smaller number of eruptive sequences and a larger number of discrete 
eruptions.



2. At steps 4 and 5, if the worldwide data base is used, an 
uncertainty results because those data usually refer to eruptive sequences 
rather than to discrete eruptions.

3. At step 5, it is difficult to distinguish between mudflow and 
pyroclastic flow deposits, as well as between deposits of discrete flows 
of the same origin.

4. At step 5, it is difficult to distinguish between surge deposits 
and deposits from the upper parts of pyroclastic flows ("ash-cloud 
deposits").

5. At steps 6 and 7, the sector can affect the distance factors. 
Because Mount St. Helens is breached on its north side, flowage hazards to 
the north are likely to be more severe and to extend farther than on other 
sides of the volcano.

6. At step 6, data sets are biased toward larger, better reported 
eruptions. We need to have separate distance factors for major- and 
minor-explosive eruptions; in this report, only tephra fall and lateral 
blasts have been assigned two sets of distance factors. For tephra fall, 
it is desirable to define thickness-vs.-distance curves for more 
homogeneous sets of eruptions, e.g. by considering eruptions grouped 
according to the Volcanic Explosivity Index (VEI) (Newhall and Self, 
1982), rather than as simply "major-explosive" or "minor-explosive" 
eruptions.

7. At step 9, there are uncertainties about the severity of mudflows 
and heavy ashfall. Most immediate human mortality from ashfall appears to 
be limited to persons with pre-existing medical problems or to be an 
indirect effect of the ashfall (e.g., from traffic accidents, overloaded 
roofs or overloaded tree branches). The long-term health effects of 
volcanic activity are not addressed in the present discussion.

8. At step 11, an unknown percentage of persons in an area might 
leave, even without prediction and communication, before a volcanic event 
would affect their locations.

Because of these uncertainties in both the assumptions and the data 
base, probability estimates in this report should be regarded as "best 
guesses" to within about an order of magnitude. Simply by using other 
subsets of the data, estimates at least 10 times lower or higher than the 
values shown in Appendices 4-7 could be calculated. If, for example, a 
person's risk of being killed was estimated to be 0.01/year (1%/year), his 
actual risk might be as low as 0.001/year (0.1%/year) or even lower, or as 
high as 0.1/year (10%/year) or even higher. For the purposes of general 
planning, probabilities like those in Appendix 7   plus or minus one 
order of magnitude   can be taken as useful best guesses. Where more 
precision is required, as for firm decisions about acceptable risk or for 
decisions about where to locate critical facilities, the estimates in this 
report will have to be refined further. Additional field observations and 
a better understanding of the volcanic processes will permit more precise 
probability estimates in the future. Probabilities can also be refined by 
considering several different probability models, but the current data are 
inadequate for this purpose. Given better data sets it will be useful to 
do so (Hewitt, 1969; see also Klein, 1982).



Summary of volcanic risks around Mount St. Helens

Figures 1-4 and Appendices 4-7 show the results of risk calculations 
for an individual who remains at a site for an entire year without 
provision for warning and evacuation (Case 1 "full-time hermit case"), 
and for an individual who works at a site on a typical work-schedule, at a 
place with provisions for warning and evacuation (Case 2 "typical worker 
case"). In Appendices 4-7, risks from volcanic hazards at Mount St. 
Helens are shown for pie-shaped blocks of the area, defined by distance 
and sector. Risks were calculated for the edge of each block nearest the 
volcano, resulting in step-like decreases in risk as we move away from the 
volcano. The decreases across any line are actually gradational, and the 
steps are only a matter of convenience for the calculations. In general, 
there is no significant difference in risk between any two nearby points 
separated by a zone boundary, whereas significant differences exist 
between the centers or opposite ends of two adjacent blocks.

Risk zone boundaries in figs. 1-4 do not follow the edges of 
pie-shaped blocks; rather, they have been adjusted for topography. 
Adjustments for valleys are based on the calculated risks from pyroclastic 
flows, mudflows, lava flows and volcanic gases, whereas adjustments for 
ridges are based on risks from lateral blasts or pyroclastic surges, 
ballistic fragments and tephra falls.

Some important features of Figures 1-4:
  Volcanic risk varies by several orders of magnitude around the 
volcano, according to location. Some areas on the north and northwest 
sides of the volcano are as much as 1000 times riskier than some other 
areas at comparable distances from the vent. Valleys, especially 
those heading on Mount St. Helens, are more dangerous than ridges.
  Risk is by far the highest near the volcano from 10 to 10,000 
times higher on the volcano's flanks than at a distance of about 20 
km. There are some areas in which risk decreases abruptly with 
distance from the volcano, and other areas in which risk decreases 
more slowly. On the average, risk within 30 km of the vent decreases 
about one order of magnitude for every 10 km of distance from the 
vent.
  There is no area on figs. 1-4 that has zero risk. Every area in 
those figures stands some volcanic risk, though in many areas that 
risk is very low.
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Figures

Figure 1

Zones of volcanic risk at Mount St. Helens, February 1980. Annual 
risks of death from volcanic activity are approximately as follow: Zone A 
= 10-1-100; Zone B = 10~2-10-3-; Zone C = 10~3 -10~2 ; Zone C = 
10-4-1Q-3; Zone E = 10-5-10-4; Zone F = 1Q-6-1Q-5; Zone G = 
10-7-10~6 ; Zone H = 10~8 -10-7; Zone I = lO^-lO"8 ; Zone J = 
10-10-1Q-9; zone K = lO^-lO"10 ; Zone L = 10~12-10~1]-. Zones 
are labelled with two letters; the first represents the risk for Case 1 
(full-time resident without radio), and the second, Case 2 (typical 
worker).

Figure 2

Zones of volcanic risk at Mount St. Helens, June 1980. For an 
explanation of the letters denoting each zone, see Fig. 1.

Figure 3

Zones of volcanic risk at Mount St. Helens, August 1981. For an 
explanation of the letters denoting each zone see Fig. 1.

Figure 4

Zones of volcanic risk at Mount St. Helens, February 1982. For an 
explanation of the letters denoting each zones of risk, see Fig. 1.
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Figure 3 Zones of volcanic risk at Mount St. Helens,
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  As of February 1982 at Mount St. Helens, risks in Case 2 are 
approximately 3 orders of magnitude lower than those in Case 1. Since 
June 1980, risks in Case 2 have decreased faster than those in Case 1; 
this is due in large part to improvements in predictive capability.

The risk assessments presented in figs. 1-4 and Appendices 4-7 are 
subject to constant change. P1 _3 will change with time even if nothing 
changes at the volcano; P^-g will change with any new volcanic activity, 
and with the discovery of any new information about St. Helens' eruptive 
history. The best values for P 3_8 and PH will certainly change as 
the short- and intermediate-term behavior of Mount St. Helens becomes 
better understood, or if that behavior changes. Volcanism is a dynamic 
phenomenon, so volcanic risks will be constantly changing and they must be 
reassessed periodically.

Table 1 presents some familiar risks. Because this report expresses 
volcanic risks in the same terms as more familiar risks, it is possible to 
(a) determine the level of risk at a given site near Mount St. Helens, and 
compare that with more familiar risks, and (b) locate those areas around 
St. Helens that are subject to any familiar level of risk. A word of 
caution: most familiar risks are known more precisely than an 
order-of-magnitude estimate, but since volcanic risks are not, one should 
not read more detail into risk comparisons than the volcanic data permit.

1 The volcanic risk shown in figs. 1-4 is additive to all other 
(nonvolcanic) risks, e.g., occupational or traffic risks. Just as the 
mutually exclusive risks of being killed by various volcanic events must 
be summed to estimate a total risk from volcanic activity, so must the 
risks from volcanic activity and all other hazards be summed to estimate 
total risk from all causes. If a person is in an area where volcanic risk 
roughly equals his "background" level of risk, then he is more or less 
doubling his normal risks.

Other risks in the Mount St. Helens area are not strictly volcanic and 
are not discussed in this report. They include non-volcanic flood risks, 
risks of aircraft accidents, risks of encounters between logging trucks 
and other vehicles, and risks of traffic accidents in the event of a hasty 
retreat from the volcano.
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Table 1: Volcanic risks at Mount St. Helens compared to familiar risks. 
Values shown are annual probabilities of death for "average" 
participating individuals. Except where otherwise noted, all 
statistics pertain to the population of the U.S.

The statistics in Table 1 are from Bailey (1980), Bullock, R. (oral 
communication), Follmann (1978), Hewitt and Sheehan (1969), Insurance 
Information Institute (1965), Levett, S. (oral communication), Pfeffer and 
Klock (1974), Pochin (1975), Rainey, W. (oral communication), and Starr 
(1969).
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Distinction between risk to individuals and risk to a population

The risks discussed above are for an individual. Although the risks 
are expressed as a chance that a given individual will be killed, they are 
calculated as 1-q, where q equals the probability that in 365 successive 
"trials," that individual will be killed 0 times (i.e., will not be 
killed).

The probability that an individual will be killed two or more times is 
nonsensical. In a large population, though, an individual who is killed 
might be replaced by another, just as bowling pins can be reset. In 
practical fact, individuals move into locations where others have been 
killed, and therefore land managers and public safety officials must 
consider the probability of two or more deaths per "member" of a 
population.

To estimate the expected number of eruption-caused deaths for a 
population, one must consider the probability P(l) of one eruption, the 
probability P(i) of i^ eruptions in the same time span, the average size of 
a population (N) , the rate at which that population moves back into a 
hazardous area after a death has occurred (assumed here, for simplicity of 
calculation, to be instantaneous), and the fraction (X) of the population 
that will be killed in each eruption.

If the daily probability of an eruption that would be lethal at a 
specific site is Pg , the probability P(l) of one such eruption within 
the next year is 1-(1-P9)365. if such eruptions are randomly 
distributed throughout the year but cannot occur within less than one week 
of one another, the probability P(2) of having two such eruptions in a 
year is [1-(1-P9 )365] [1-(1-P9 )358] j and the probability of having 
± such eruptions in a year is [P(i-l )] [l-Q-Pg) (372-7i) ] . The 
probability of having one or more such eruptions in a year is the sum of 
P(l) + P(2) + P(3) ... + P(52). When the value of Pg is .0001 or 
smaller, as it typically is, this sum is approximately equal to P(l) + 
P(2) + P(3); when Pg is small, the probabilities of four or more fatal 
eruptions in a single year are negligible.

The expected number of deaths E(N) in a single event is N x X, where N 
and X are defined as they were above. If those who are killed are 
replaced, the expected number of deaths in i^ events, E(N|i), is 
NX X x i. The expected number of deaths over the next year, then, is

N x X x [P(l) + P(2) + P(3)...+ P(52)].

For example, consider a population of 100 persons working 40 
hours/week, with provisions for warning and evacuation, between 10 and 15 
km due north of Mount St. Helens. If lethal eruptive activity affects 
their work site), the fraction expected to be killed, (X), is P^Q x 

or approximately .002. The probability that lethal volcanic
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activity will affect this site on any given day in the next year is
Pgc+Pge, or approximately .00008; the probability P(l) that such 
activity will affect the site in the next year is approximately .029. The 
probability P(2) that lethal activity will affect the site twice in the 
same period is approximately .0008, and the probability P(3) that it will 
affect the site three times in the same period is approximately .00002. 
It follows, then, that the expected number of deaths from eruptions in the 
next year, for this specific population and area, is

N x X x P(l,2,3) = E(N|3) 
100 x .002 x .03 = .006 persons.

Statistical estimates of the expected number of deaths are most 
reliable when death is an infrequent result of many repeated events. For 
example, the number of automobile accidents in the U.S. is large, but the 
number of fatal accidents is relatively small, so the expected number of 
deaths can be estimated quite reliably. Volcanic eruptions, however, are 
relatively infrequent events that, for the most part, either are fatal to 
all the people at a location or do not cause injury at all. As a result, 
the expected numbers of deaths may be a deceptive value; the actual 
numbers are more likely to be nearly zero or nearly the size of the 
population at risk at a given time.
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Possible uses of this report

The principal purpose of this report has been to introduce a method of 
analyzing intermediate- and long-term volcanic hazards and risks. This 
analytical framework can help land managers, officials responsible for 
public safety, and the general public to understand better what are the 
various factors that determine volcanic risks, and how those risks might 
be reduced. Intermediate- and long-term risk assessments can be useful in 
planning land use and emergency responses to volcanic activity, in 
determining the design and location of critical facilities, in resolving 
insurance questions, and in a variety of other, familiar activities. 
Land-use plans for recreation, reforestation and other purposes might be 
affected by the prospects of further volcanic activity. Limitations of 
land use and access have been part of the emergency response at Mount St. 
Helens during the last two years, and the probabilities described in this 
report may help public officials as they balance the risks and benefits of 
various future closures.

The estimated probabilities in this report are preliminary and 
approximate; special note should be made of the wide range of possible 
risk values for any particular point around the volcano (Table 1, Figs. 
1-4). This report does not designate any areas as "safe," because the 
definition of the word "safe" depends on the level(s) of risk and 
uncertainty one is willing to accept. Decisions about acceptable risk 
involve not only the volcanic risks but a variety of social and economic 
costs and benefits (Lowrance, 1976); such decisions must be made by the 
public, their elected representatives, and the land managers, not by 
geologists.

Another possible use of the method described here is to define 
baseline probabilities for various events, against which any future 
changes in activity can be compared. Many advances in science result from 
recognizing the usual and the unusual, and asking why each is so. 
Knowledge of the usual (baseline probabilities) will certainly help in 
recognizing the unusual.

Finally, the method described here can be adapted to utilize 
short-term monitoring data, and thus permit short-term hazard assessments. 
Short-term assessments are much needed as geologists and civil authorities 
attempt to mitigate the results of imminent or ongoing eruptions.



19

ACKNOWLEDGMENTS
The writer thanks N.C. Matalas, C. Dan Miller and D.W. Peterson for 

many helpful suggestions on the content and presentation of this report, 
and Jesse Johnston for a computer program that performs the calculations



20 

REFERENCES (for text and appendices)

Bailey, Martin J. , 1980, Reducing Risks to Life: Washington, D. C., 
American Enterprise Inst., 66 p.

Crandell, D. R. and Mullineaux, D. R., 1973, Pine Creek volcanic
assemblage at Mount St. Helens, Washington: U.S. Geol. Survey Bull. 
1383-A, 23 p.

 ,     , 1978, Potential hazards from future eruptions of 
Mount St. Helens volcano, Washington: U.S. Geol. Survey Bull. 1383-C, 
26 p.

 ,     , and Rubin, Meyer, 1975, Mount St. Helens volcano: 
recent and future behavior: Science, v. 187, p. 438-441.

    ,     ,     , Spiker, Elliott, and Kelley, M. L.,
1981, Radiocarbon dates from volcanic deposits at Mount St. Helens, 
Washington: U.S. Geol. Survey Open-file Report 81-844, 15 pp.

Follmann, J. F., Jr., 1978, The Economics of Industrial Health; New York, 
AMACOM, 482 p.

Hahn, G.A., Rose, W.I. Jr., and Meyers, T. , 1979, Geochemical correlation 
of genetically related ash-flow and airfall ashes, central and western 
Guatemala and the equatorial Pacific, in Chapin, C.E. and Elston, 
W.E., eds., Ash-flow tuffs: Geol. Soc. Am. Spec. Paper 180, p. 101-112,

Harris, S. L., 1980, revised ed., Fire and Ice: Seattle, The 
Mountaineers, 316 pp.

Heiken, G., 1981, Holocene Plinian tephra deposits of the Medicine Lake 
Highland, California: U.S. Geol. Survey Circular 838, p. 177-181.

Hewitt, K., 1969, Probabilistic approaches to discrete natural events:
a review and theoretical discussion: Natural Hazard Research, Working 
paper no. 8, Univ. of Toronto, 56 p.

    , K. and Sheehan, L., 1969, A pilot survey of global natural
disasters of the past twenty years: Natural Hazard Research, Working
paper #11, Univ. of Toronto, 18 p.

Hoblitt, R. P., Crandell, D. R., and Mullineaux, D. R., 1980, Mount St. 
Helens eruptive behavior during the past 1500 years: Geology, v. 8, 
p. 555-559.

Holmes, K. L., 1980, Mount St. Helens Lady with a Past: Salem, Salem 
Press, 48 p.



21

Hopson, C. A., 1980, Geology of Mount St. Helens area, Washington: 
unpubl. geologic map, 1:32,250, 1 sheet.

    , and Melson, W. G., 1980, Mount St. Helens eruptive cycles 
since 100 A.D. (abstract), EOS, v. 61, p. 1132-1133.

Hyde, J. H., 1975, Upper Pleistocene pyroclastic-flow deposits and lahars 
south of Mount St. Helens volcano, Washington: U.S. Geol. Survey 
Bull. 1383-B, 20 p.

   , and Crandell, D.R., 1978, Postglacial volcanic deposits at Mount 
Baker, Washington, and potential hazards from future eruptions: U.S. 
Geol. Survey Prof. Paper 1022-C, 17 p.

Insurance Information Institute, 1965, Insurance Statistics: New York, 
Insurance Information Institute, 63 p.

Janda, R. J., Scott, K. M., Nolan, K. M., and Martinson, H. A., 1981, 
The 1980 eruptions of Mount St. Helens, Washington: Lahar movement, 
effects and deposits: U.S. Geol. Survey Prof. Paper 1250, p. 461-478.

Klein, F. W., 1982, Patterns of historical eruptions at Hawaiian 
volcanoes: Jour. Volcanol. Geotherm. Res., (in press).

Lirer, L. , Pescatore, T., Booth, B. and Walker, G.P.L., 1973, Two Plinian 
pumice-fall deposits from Somma-Vesuvius, Italy: Geol. Soc. Am. Bull., 
v. 84, p. 759-772.

Lowrance, W. W., 1976, Of Acceptable Risk: Los Altos, William Kaufmann, 
Inc., 180 p.

Mullineaux, D.R., 1974, Pumice and other pyroclastic deposits in Mount 
Rainier National Park, Washington: U.S. Geol. Survey Bull. 1326, 
83 p.

    , and Crandell, D. R., 1981, The eruptive history
of Mount St. Helens: in U.S. Geol. Survey Prof. Paper 1250, p. 3-15.

   , Hyde, J. H. and Rubin, M. 1975, Widespread late-glacial and
postglacial tephra deposits from Mount St. Helens volcano,
Washington: Jour. Research, U.S. Geol. Survey, v. 3:3, p. 329-335.

Newhall, C.G., and Self, S., 1982, The Volcanic Explosivity Index (VEl):
An estimate of explosive magnitude for historical volcanism: Jour.
Geophys. Res., v. 87, p. 1231-

Pfeffer, I. and Klock, D. R., 1974, Perspectives on Insurance: Englewood 
Cliffs, Prentice-Hall, 513 p.

Pochin, E. E., 1975, The acceptance of risk: Brit. Med. Bull., v. 31, 
p. 184-190.



22

Rose, W.I. Jr., Bonis, S., Stoiber, R.E., Keller, M. and Bickford, R. , 
1973, Studies of volcanic ash from two recent Central American 
eruptions: Bull. Volcanol., v. 37, p. 338-354.

Rowley, P. D., Kuntz, M. A., and MacLeod, N. S., 1981, The 1980 eruptions 
of Mount St. Helens, Washington: Pyroclastic flow deposits: 
in U.S. Geol. Survey Prof. Paper 1250, p. 489-512.

Sarna-Wojcicki, A.M., Shipley, S, Waitt, R.B. Jr., Dzurisin, D, and Wood, 
S.H., 1981, The 1980 eruptions of Mount St. Helens, Washington: Areal 
distribution, thickness, mass, volume and grain size of air-fall ash 
from six major eruptions of 1980: U.S. Geol. Survey Prof. Paper 1250, 
p. 577-600.

Sasaki, T., Goto, K., Katayama, M., Katsui, Y., Kikuchi, K., Kimura, M., 
Kitagawa, Y., Oba, Y., Satoh, H. , Tamura, S., Tomioka, E., 1974, 
Distribution of the late Quaternary pyroclastic deposit in Hokkaido, 
Japan: Miscell. Publ. Hokkaido Natl. Agricult. Expt. Stn., no. 4, 
1:600,000 map.

Self, S. and Sparks, R. S. J., 1978, Characteristics of widespread
pyroclastic deposits formed by the interaction of silicic magma and 
water: Bull. Volcanol., v. 41, p. 196-212.

Simkin, Tom, Siebert, L. McClelland, L., Bridge, D., Newhall, C. G., and 
Latter, J. H., 1981, Volcanoes of the World: New York, Hutchinson 
Ross, 232 p.

Starr, Chauncey, 1969, Social benefit vs. technological risk: Science, 
v. 165, p. 1232-1238.

Walker, G. P. L., and Croasdale, R., 1970, Two Plinian-type eruptions 
in the Azores: Jour. Geol. Soc., v. 127, p. 17-55.

Wilcox, R.E., 1959, Some effects of recent ash falls, with especial 
reference to Alaska: U.S. Geol. Survey Bull. 1028-N, p. 409-476.

Williams, C., 1980, Mount St. Helens A Changing Landscape; Portland, 
Graphic Arts Center Publishing Co., 128 p.

Williams, H. and McBirney, A. R., 1979, Volcanology; San Francisco, 
Freeman, Cooper and Co., 397 p.



23

Appendix 1: Steps in the estimation of volcanic hazards and risks 
at Mount St. Helens

Note 1: Values used in the examples are current as of February 1982. 
Note 2: For some steps there are several subsets of data that could be 
used. All are shown; the subset that was used in calculations for 
risks as of February 1982 (Fig. 4, Appendix 7) is marked with an 
asterisk. Source data is presented in Appendix 2; a complete listing 
of input data used for calculating values in appendices 4-7 is given 
in Appendix 3.

STEP 1. Calculate the probability PI o f entering an ERUPTIVE PERIOD 
(i.e., decades to centuries of relatively frequent volcanism, following 
and followed by repose periods of a decade or more; e.g., Kalama, Goat 
Rocks, and the current eruptive period).

*A. Using the last 500 years at Mount St. Helens,
Number of eruptive periods in past 500 years____________________
no. of years (500) less no. of yrs. in eruptive periods (150)

= 3 = .009/year (= .00002/day). 
350

B. Using the last 1500 years at Mount St. Helens,
No. of eruptive periods in past 1500 yrs.________________________
no. of yrs.(1500) less no. of yrs in eruptive periods (200)

= __4 = .003/yr. (= .000008/day) 
1300

Note: If the volcano is already in an eruptive period, PI becomes 1
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STEP 2. Calculate P2JX, the probability of entering an ERUPTIVE 
SEQUENCE (i.e., a sequence of eruptions in which no repose period exceeds 
6 months; e.g., 1831, 1835, ...1980- ), given that an eruptive period has 
begun.

A. Using past 1500 yrs. at Mount St. Helens,

number of eruptive sequences______________
number of yrs. in those eruptive periods (200) less # of yrs. in 
eruptive sequences (50)

=approx. 20 = O.I/year (=.0004/day). 
150

B. Using 1800-present at Mount St. Helens, and counting that as one 
eruptive period, 180 yrs. long

approx. 12 eruptive sequences = .075/yr (= .0002/day). 
160 yrs.

*C. Using 1800-present at Mount St. Helens, as above, but counting 
two periods, 1800-1857 and 1980-?

approx. 12 eruptive sequences = .3/yr (= .0008/day).
40 yrs.

Note If the volcano is already in an eruptive sequence, ?2 \ 
becomes 1.
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STEP 3. Calculate P^^y the probability of an ERUPTION (i.e., more or 
less continuous ejection of volcanic material, without any pause longer 
than one week; e.g., 5/18/80), given that an eruptive sequence has begun.

A. Using 1800-present at Mount St. Helens,

No. of eruptions
No. of years in eruptive sequences (17) less the no. of years of
actual eruptions (0.1)

- 33 eruptions or 2 eruptions/yr. (= .003/day). 
17 years

B. Using post-3/20/80 activity at Mount St. Helens,

13 eruptions/1.8 yr or 7 eruptions/year (= .02/day) 
(counts phreatic activity 3/27/80-5/14/80 as 1 eruption).

*C. Using post-5/18/80 activity at Mount St. Helens,

11 eruptions/1.7 yr or 6 eruptions/year (= .02/day).
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STEP 4. Calculate P4a_c|3, the probabilities of various TYPES OF 
ERUPTIONS (major-explosive, minor-explosive, or non-explosive), given that 
an eruption has begun.

"Major explosive eruption"   produces 0.1 km3 of pyroclastic
ejecta or more 

"minor explosive eruption"   produces less than 0.1 km3 of
pyroclastic ejecta 

"non-explosive eruption"   essentially no pyroclastic ejecta.

(Each fraction listed below represents the number of major-, minor- or 
non-explosive eruptions divided by the total number of known eruptions 
during that period.)

A. Using past 1500 yrs. at Mount St. Helens
Major-explosive 4/54 =.1 (P4a |s)
Minor-explosive (includes dome build- 40/54 =.8 (£4513)
ing eruptions when accompanied
by minor-explosive activity)
Non-explosive 6/54 =.1 (P4

B. Using 1800-present at Mount St. Helens
Major-explosive 2/33 = .05
Minor-explosive 24/33 = .75
Non-explosive 7/33 = .20.

C. Using 1980-present at Mount St. Helens (counts activity between
3/27/80 and 5/17/80 as 1 minor-explosive eruption),

Major-explosive 1/13 = .1
Minor-explosive 6/13 = .45
Non-explosive 3/13 = .45.

D. Using post-5/18/80 activity at Mount St. Helens,
Major-explosive 0/11 = 0
Minor-explosive 5/11 = .45
Non-explosive 6/11 = .55.

*E. Using post-5/18/80 activity but giving a subjective weighting to 
the most recent activity and to intermediate-term monitoring data, 

Major-explosive = .05 
Minor-explosive = .20 
Non-explosive = .75.

F. Using activity at other subduction-zone volcanoes (post-1900, old 
island arcs and continental crust only, with good historical 
records New Zealand, Indonesia, Philippines, Honshu, Kyushu, 
Hokkaido, Kuriles, Kamchatka, Mexico, Guatemala, El Salvador), 

Major-explosive 19/780 = .02 
Minor-explosive 740/780 = .95 
Non-explosive 21/780 = .03.
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G. Using all historic eruptions at subduction zone volcanoes in which 
dome building is reported to have occurred (the data do not permit 
distinction between activity preceding or following dome growth), 

Major-explosive 15/470 = .03 
Minor-explosive 415/470 = .88 
Non-explosive 40/470 = .09.
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STEP 5. Calculate P5a |4a-c , the probabilities of SPECIFIC VOLCANIC 
HAZARDS (pyroclastic flows, mudflows, lateral blasts or pyroclastic 
surges, ballistic fragments, tephra fall, lava flows, and dangerous 
concentrations of volcanic gases), given a general type of eruption.

*A. Using past 1500 yrs. at Mount St . Helens,
(no. of eruptions with this event/total no. of eruptions)

Pyroclastic flow
(all types)

Mud flow

Lateral blast or
pyroclastic surge

Ballistic fragments

Tephra fall

Lava flow

Dangerous concen­
tration of vol­
canic gases****

if Major-expl
3/4

< p5a|4a)
1/2:2/2**

< p5bl4a)
1/4

(F5cl4a)
4/4***

< p5dl4a)
4/4

< p5el4a)
0/4

< p5fl4a)
0/4?

( p5gl4a)

Minor-expl.
15/40

(P5a|4b)
2/20:4/20**

(P5bUb>
1/40

(P5cl4b)
40/40***

(P5dl4b>
40/40***

(P5eUb)
5/40?

(P5fl4b>
0/40?

(P5g|4b)

Non-expl .
0/10

(P5a|4c>
' 0/10

(P5b|4c>
0/10

(P5c|4c)
0/10

(P5d|4c>
0/10

(P5e|4c)
4/10?

(P5 f(4c)
0/10?

(P5g|4c)-

B. Using 1800-present at Mount St. Helens

Pyroclastic flow 1/2
(all types) (Pc 

Mudflow ^1/2 
Lateral blast or 1/2

pyroclastic surge 
Ballistic fragments 2/2*** 

0/7
Tephra fall 2/2 
Lava flow 0/2 
Dangerous cone. 0/2

of vole, gas

(no. of eruptions with this event /total no. of eruptions)
8/24 

(etc.) 
3/24 
0/24

24/24***
1/24
0/24

0/7

0/7 
0/7

24/24***

0/7 
1/7 
0/7.
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C. Using post-1900 activity at other subduction-zone volcanoes in similar 
climates (Japan, Kamchatka, Kuriles),

(no. of eruptions with this event/total no. of eruptions)

0/10:3/3** 10/ 200:18/ 200**

0/4 

0/2:0/2**

0/4 
0/4 
1/4 
0/4?.

Pyroclastic flow 9/13 18/400
(all types) 

Mudflow 
Lateral blast or 2/13 ? 0/4
pyroclastic surge

Ballistic fragments 13/13*** 400/400*** 
Tephra fall 13/13 400/400 
Lava flow 6/13 36/400 
Dangerous cone. 0/13? 1/400?

of vole, gas
"~ ~ Notes" For" ?tep~5~(A-<:)7 ----------

* Preferred assumption
** June-Nov. : Dec.-May; in case A, the 1/3:2/3 ratio from data set C 

has been used.
*** Assumed, rather than observed.
**** Dangerous concentrations of volcanic gases can also develop during

non-eruptive, fumarolic activity; such cases are not considered here.

Dome growth per se is not included here as a hazard; lithic pyroclastic 
flows and associated mudflows, lateral blasts, ballistic fragments and tephra 
fall from growing domes are included. Although domes related to Mount St. 
Helens are found as far as 13 km away from the summit, further dome growth in 
the present eruptive sequence is expected to be confined to the present 
crater.
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STEP 6. Calculate P6a-g|5a-g» i»e., the probabilities that each hazardous event 
E5a,b,...g will reach specified distances from the vent (DISTANCE FACTORS).

The probability that a hazardous event will reach to a specified distance from 
a vent can be estimated on the basis of the proportions of past instances of 
that kind of event that have reached that distance. All proportions are 
cumulative, i.e., the proportion of those reaching at least as far as the 
specified distance or, for tephra fall, of those attaining at least a specified 
thickness at the specified distance. The data on which these proportions are 
based are presented in Appendix 2.

Distance
(km from the vent) 

Hazard 
Pyroclastic flow^

Lahar^

Lateral blast or
pyroclastic surge^
(major-expl.)
(minor-expl.) 

Ballistic fragments^ 
Tephra fall, 10 cm.5
(major-expl.)
(minor-expl.) 

Lava flow^ 
Dangerous concentr.
of volcanic gases?

,75 
,93

10 15 20 30 40 50

.1 

.44
.01 
.28

,5 .3
,5 .1
,01 .001

,99 .98
,3 .2
,5 .1

,01 0

.1 

.01
0

.96

.1

.02

0

.001 0

.21 .13 .10 .08

.05 .01

.93 

.05
.9 
.01

.8 .7

100

.5

200

0 0
.04 .01

.1

1 based on lengths of 23 pyroclastic flows that have occurred at Mount St. 
Helens since the height of the cone was reduced on 5/18/80 (P6aJ5a)'

2 based on the lengths of 35 Mount St. Helens mudflows (P6b|5b)-
3 based on a small number of lateral blasts and pyroclastic surges at St. 

Helens and other circum-Pacific volcanoes. The data are insufficient 
to define a probability distribution, so some additional values were 
assumed. (P6cf5c)

4 based on the observed distribution of ballistic fragments at Mount St. 
Helens (1980), Asama, Agung and Arenal, and on calculated ranges for 
ballistic fragments given assumed sizes, shapes, initial velocities 
and initial angles of ejection (PfcdlSd)-

5 based on thickness-vs.-distance relations (out to 200 km only)
for 36 major-explosive eruptions, and 15 minor-explosive eruptions, at 
St. Helens and other subduction-zone volcanoes. See additional 
discussion below. (P6eJ5e)

6 based on lengths of 44 Mount St. Helens lava flows (P6f|5f)»
7 Available data are inadequate to define a probability distribution. 

The values shown here are assumed values. Small concentrations of 
volcanic gases may extend for many km from the vent, but the gases 
will be sufficiently diluted with air so as not to be fatal to humans.
(p6g|5g)
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STEP 6 (Continued). Tephra fall
The calculation of distance factors for tephra fall is more 

complicated than for other volcanic events because it is, in its simplest 
form, a two-variable problem. Probabilities must be determined for 
different thicknesses of tephra at different distances. Explosive 
eruptions were classified as either major or minor (Step 4); then, using 
isopach maps for 36 major-explosive eruptions and 15 minor-explosive 
eruptions (from records of worldwide volcanism), log (maximum thickness 
(tmax )) was plotted against distance down the plume axis (Appendix 2 ).

From the plots, probabilities of a given tephra thickness at a given 
distance from a volcano can be estimated from the percentage of eruptions 
for which that thickness of tephra (or greater) has been observed at that 
distance from a vent. For example, at 5 km from a vent, nearly all 
(approximately 99%) of the major explosive eruptions have deposited at 
least 10 cm of tephra, 90% have deposited at least 30 cm, 80% at least 50 
cm, and so on. Thus, given a major explosive eruption, there is a .99 
probability that at least 10 cm of tephra will fall at a point 5 km 
downwind from the vent, a .9 probability that at least 30 cm will fall at 
the same point, a .8 probability that at least 50 cm will fall at the same 
point, and so on. Looking at the problem from a different angle, there is 
a .99 probability that at least 10 cm will fall at a point 5 km downwind, 
that at least 7 cm will fall at a point 10 km downwind, that at least 5 cm 
will fall at a point 15 km downwind, and so on. Probabilities for other 
thicknesses and distances can be estimated from the tables below, or 
directly from the thickness-vs.-distance curves in Appendix 2.

There are some gaps in reporting, particularly of the distal 
thicknesses of tephra falls. Where original data was incomplete, the 
writer visually extrapolated the known parts of each
thickness-vs.-distance curve out to 200 km. This reduces the bias toward 
larger, better-reported eruptions. Curves extrapolated in this manner 
were used in preparing the tables below.
This is a subjective procedure that still needs improvement. The problems 
also go beyond a paucity of reported data. Compaction and erosion of 
deposits before they are measured will lead to an underestimation of 
tephra probabilities; these factors are not considered here but should be 
considered in future work.

The probabilities of various tephra thicknesses at various distances, 
shown in the tables below, are useful for long-term planning. 
Probabilities will actually vary from day to day, depending on wind speeds 
and directions. The probable tephra thicknesses on a given day may be 
estimated from the height and duration of an eruption column and from wind 
information, if these parameters can be calibrated against the 
thickness-vs.-distance curves shown below. Still other parameters, such 
as the concentration and sizes of particles in the plume, will also need 
to be considered in the development of more precise estimates of probable 
thicknesses at varying distances.
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Step 6. continued
Relationship between tephra thickness (along the axis of a plume) 
and distance (from the vent), for major-explosive eruptions

(based on a sample of 36 eruptions, roughly corrected to balance 
a balance a reporting bias toward larger eruptions):

Downwind distance 
from the vent 
Km

99%

Percentage of tephra deposits with thickness greater than 
or equal to the value given (thicknesses in cm)

90 80 70 60 50 40 30 20 10 1%

5 km
10
15
20
30
40
50
100
200

10cm
7cm
5
4
3
2
1
.5
.1

30 cm
25
20
15
10
5
4
1
.3

50
35
25
20
15
10
7
2
.5

70
50
30
25
20
15
10
3
.7

100
70
40
35
30
20
15
5
1

200
100
60
50
40
30
20
10
2

300
200
100
70
50
40
30
15
3

400
300
200
100
70
50
40
20
5

500
400
300
150
100
70
50
30
7

800
600
400
250
150
100
80
60
10

1000
800
600
400
250
150
120
100
50
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Step 6. (continued)

Relationship between tephra thickness (along the axis of a plume) 
and distance (from the vent), for minor-explosive eruptions

(based on a sample of 15 eruptions, roughly corrected to balance
a reporting bias toward larger eruptions):

Distance from
the vent, along
plume axis
Km Percentage of tephra deposits with thicknesses equal to or

greater than the

5
10
15
20
30
40
50
100
200

99%
tr
tr
tr
tr
tr
tr
tr
tr
tr

90
.1cm
.1
tr
tr
tr
tr
tr
tr
tr

80
.2
.2
.1
.1
tr
tr
tr
tr
tr

70
.4
.3
.3
.2
.1
.1
tr
tr
tr

value

60
1
.5
.4
.3
.2
.2
.1
tr
tr

given (thicknesses

50
2
1
.8
.5
.3
.2
.2
.1
tr

40
5
2
1
.8
.5
.3
.2
.1
tr

30
10
5
2
1
.8
.5
.3
.2
tr

in cm)

20
15
10
5
2
1
.8
.5
.3
.1

10
30
20
10
5
2
1
.8
.5
.2

1%
45
30
20
15
10
5
3
1
.4

tr = trace, less than 0.1 cm
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STEP 7. Calculate P7a-n|6a-g> the probabilities that a hazardous event 
reaching a specified distance will be in a specific 22.5° sector 
(SECTOR FACTORS). These probabilities are a function of initial 
direction of travel, topography, and wind directions. 

For pyroclastic flows (based crudely on 1980 activity at Mount St. Helens;
strong topographic control)(Pya_p|£a ):

N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW 
.6 .3 .0067 .0067 .0067 .0133 .0067 (.0067 for all other sectors)

For mudflows (dependent on likely vectors of pyroclastic flows and on the availability 
of water, snow, or glacial ice

winter & spring: 
.4 .2 .01 .03 .05 .01 .08 .03 .05 .03 .01 .01 .01 .03 .05 .01

summer & fall: 
.01 .05 .01 .1 .15 .25 .05 .05 .1 .05 .01 .01 .01 .05 .1 .01

For lateral blasts, surges (given strong topographic control near the vent,
crude topographic control away from the volcano)(Pya_pjgc ) 

.9 .5 .02 .015 .01 .015 .02 .015 .01 .Ol .01 .01 .01 .01 .015 .4
(assuming that each blast covers a 45° sector, an area much smaller than the 1980
blast at Mount St. Helens but a reasonable estimate for any future blast at Mount St.
Helens, given that no unstable flank remains and that the walls of the amphitheater will
tend to focus any future blast)

For ballistics (P 7a-p | 6d)
1.0 for any given sector

For tephra fall (P 7a -p| 6e):
.04 .08 .14 .16 .16 .13 .10 .06 .04 .02 .01 .01 .01 .01 .01 .02 

(assuming that each plume covers a 22.5° sector; sector factors 
will vary slightly with season)

For lava flows (given strong topographic control; low but non-zero probabilities on the W, S
and E are for flank flows)(P7a-p f6f) '
.9 .05 .004 (.004 for all other sectors)

For dangerous concentrations of volcanic gases (moderate topographic control near the vent;
strong topographic control away from the vent area)(Pya_pJ6g):
.6 .3 .01 .01 .01 .01                 .01 .05
(  = too small to estimate)
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Directional probabilities for flowage hazards are for the initial 
direction of transport from the mountain; probabilities for points 
downvalley will be the sum of probabilities for all their tributaries. 
The list below summarizes the probabilities that have been summed to 
account for topographic controls on flowage hazards:

Adjustments made in the sector probabilities of flowage hazards in 
order to account for topographic barriers and diversions. Subscripts 
indicate distances from the vent (in km).

Along North and South Toutle:
NW1Q (new) = NIQ + NNW^Q + NWio (original)

WNW2Q = N2Q + NNW2Q + NW2Q + WNW2Q 
WNW3Q = N3Q + NNW3Q + NW3Q + WNW3Q + W3Q 

(S. Fork and N. Fork both in WNW)
= N40 + NNW4Q + NVfyo + WNW40 + W4Q 
= N50 + NNW5Q + NW5Q + WNW5Q + W5Q

Along Smith Creek, Muddy River:
E5 = NE^o + ENE^o + E 5
ESE1Q = NE15 + ENE!5 + EIQ + ESE10
SE15 = NE2Q + ENE2Q + £^5 + ESEi5 + SE 15
SE 2Q = NE3Q + ENE3Q + £20

Along Lewis River:
SSW15 = 815 + SSWi5 + SSE3Q + SE3Q + £30 + ESE3Q +

NE40 + ENE40 
SSW20 = 820 + SSW2Q + SSE4Q + SE40 + £40 + ESE40 +

NE50 + ENE5Q
SW30 = SSW3Q + 830 + SSE5Q + SE5Q + SW3Q + £59 + ESE5Q 
SW4Q = SW4Q + SSW4Q + 840 + SSE5Q + 
SW50 = SW50 + SSW50 + S50 + SSE50



36

Step 8. Calculate Pga-g|7a-p> the probabilities that a hazardous event will 
affect a specified small area (e.g., a cabin site), given that the event has 
generally affected a larger, pie-shaped area defined by distance and sector 
(COVERAGE FACTORS). The exact proportion of a pie-shaped block that flowage 
hazards will affect will depend on details of the topography, and a correction 
was made for this fact when zone boundaries on Figs. 1-4 were drawn.

Volcanic Hazard 
Pyroclastic flow 
Mud flow 
Lateral blast,

pyroclastic surge 
Ballistic fragments

Tephra fall 
Lava flow
Dangerous cone, of 

vole, gases

20

0
,01
,001
0001
0
20

any sector and distance 
any sector and distance

any sector and distance 
any sector, between 0-5 kms 
any sector, between 5-10 kms ( 
any sector, between 10-15 kms( 
any sector and distance 
any sector and distance

.50? any sector and distance (Pg_ty)
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1
1/10

1
1
1/1000 (or 1/10,000?)
1/100 (or 1/1000?)
1/1000 (or 1/10,000?) 

1/2......................

< p9a|8a) 
(p9b|8b)

( p9c|8c)
< p9d|8d)
< p9el8e)
< p9e|8e)
< p9f(8f)

, . . . (Pn~lQ~}

Step. 9 Calculate Pga-gJBa-g* tne probabilities that a person who is 
caught unawares by the event will be killed (SEVERITY FACTORS).

Volcanic Hazard Probability that the event will be lethal 
Pyroclastic flow 
Mudflow 
Lateral blast,

pyroclastic surge 
Ballistic fragments 
Tephra fall (for 10 cm)

(for 1 m) 
Lava flow 
Dangerous concentration of

volcanic gases
"" O * ~ O

These estimates are based on mortality data for the 1980 eruptions of 
Mount St. Helens and for eruptions at other volcanoes. The values for 
slow-moving events (mudflows and lava flows) are based on the assumption 
that most persons are able to move out of the flow path. Deaths from 
tephra fall are primarily due to secondary causes e.g., collapaing roofs, 
falling tree branches, lightning from the drifting ash cloud, or impaired 
visibility on highways. Deaths from lava flows are those of overly 
curious sightseers. Values indicated as 1 are in fact slightly less than 
1; all the values are rough estimates and are subject to revision as more 
and better data is compiled.

One meter of tephra will have effects roughly ten times as severe as 
the effects of 10 cm of tephra, judging by records of historic volcanism 
around the world; but accumulation of the former is also about ten times 
less likely than accumulation of the latter. To calculate the risk to 
human life, then, we can simply consider one thickness (10 cm).

A similar simplification is employed for calculating volcanic-gas 
risks: the probability of any concentration that could cause illness or 
death is, in a broad way, inversely proportional to the severity of that 
concentration. For this analysis, therefore, we consider only the event 
that at least one volcanic gas is sufficiently concentrated to cause 
death. There are so few documented cases of dangerous gas concentrations 
that estimates regarding gases in Steps 6, 7,8 and 9 are very crude.
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Step 10. Calculate P^Q, the probability that an individual will 
routinely be in the hazardous area.

Percentage of time that the individual is routinely in the area
100

This can vary from nearly 1.0 for a full-time resident, through 
approximately .2 for full-time work in the area, to less than .01 for 
occasional visits.

Step 11. Calculate PH, the probability that   even with our present 
predictive capability   a given individual will still be in the hazardous 
area when an eruption occurs.

If the individual can receive a warning, has a means to leave the area 
within an hour or two, and does so, P^ becomes 1.0 minus the 
probability that we can forecast hazardous eruptions two hours or more in 
advance. We currently estimate the probable long-term success rate of 
forecasting hazardous eruptions at Mount St. Helens to be 99% (0.99); this 
value would be higher under ideal, quiet conditions and lower if equipment 
failure or bad weather occurs. The long-term average failure rate for 
average conditions, then, is approximately 1% (P^ = 0.01). The chances 
of failure have been decreasing as more and more data are collected at 
Mount St. Helens, and as new eruptions are successfully predicted.

During extended periods of strong precursory activity (e.g., prior to 
May 18, 1980) and during eruptions (e.g., between pulses on October 16, 17 
and 18, 1980) the chances of forecasting the exact timing of hazardous 
activity are still very low; for most purposes, P^ during such activity 
is approximately 1.

If the individual does not receive or heed a warning, P^j is 
approximately 1.
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Appendix 2, continued: Data for Step 6

Lava flows (n = 45), lengths in km:
2, 2.8 (2)*, 3.2 (2), 3.6, 4 (8), 4.4 (5), 4.8 (6), 5.2 (2), 5.6 (4),
6 (5), 6.8 (2), 7.6, 8, 8.8, 9.6, 11.6, 13.6, 16.4

Pyroclastic flows, pre-May 18, 1980 (n = 35); lengths in km:
3.6, 4 (2), 5.5 (3), 6, 6.5, 7, 7.2, 7.5 (7), 8, 8.5, 8.8, 9.2, 9.5, 
9.6, 11 (2), 13 (2), 14 (3), 15.5 (3), 18 (2)

Pyroclastic flows, May 18, 1980 and subsequent (n = 23); lengths in km:
3 (2), 4 (3), 5 (3), 7 (3), 8 (12) (approximate)

Mudflows (n = 35), lengths in km:
4 (2), 4.4, 4.8, 5.6 (2), 6, 6.4 (2), 6.8, 7.2 (2), 7.6, 8.4, 8.8, 
9.6, 11 (2), 12, 13 (4), 14, 16, 19, 22, 33, 50, 65 (4), 100 (2)

Tephra falls (n = 41):
Data are presented graphically on page 42.

Sources: D.R. Crandell (written communication), Crandell and Mullineaux 
(1973, 1978), Hahn and others (1979), Heiken (1981), Hopson
(1980), Hyde (1975), Hyde and Crandell (1978), Janda and others
(1981), Lirer and others (1973), Mullineaux (1974 and written 
communication), Rose and others (1973), Rowley and others 
(1981), Sarna-Wojcicki and others (1981), Sasaki and others 
(1974), Self and Sparks (1978), Walker and Croasdale (1970), 
Wilcox (1959), Williams and McBirney (1979), and S.N. Williams 
(written communication).

Numbers in parentheses indicate the number of flows of that length.
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Appendix 3: Input data for the probability calculations.
Abbreviations: pf=pyroclastic flow; tnf=mudflow; lb=lateral blast; 
bf=ballistic fragments; tf=tephra fall; lf=lava flow; vg=volcanic gases 
Note: many of these data are approximate. In some calculations, zero 
was used as an approximation of probabilities that are slightly 
greater than zero.

Step
1
2
3
4a
4b
4c

5a (if
(if
(if

5b (if
(if
(if

5c (if
(if
(if

5d (if
(if
(if

5e (if
(if
(if

5f (if
(if
(if

5g (if
(if
(if

Date

major-expl . )
minor-expl . )
non-expl. )
major expl. )
minor expl . )
non-expl . )
major-expl. )
minor-expl. )
non-expl . )

major-expl. )
minor-expl. )
non-expl. )

major-expl . )
minor-expl . )
non-expl. )

major-expl. )
minor expl . )
non-expl . )

major-expl. )
minor-expl. )
non-expl. )

2/1/80
.00001
.0004
.02
.07
.85
.08

.67

.29

.05
1
.24
.05
0
.03
0

1
1
0

1
1
0

0
.15
.8

0
0
0

6/1/80
.00002
.0008
.03
.09
.87
.04

.75

.31

.05

.5

.11
0
.25
.03
0

1
1
0

1
1
0

0
.14
.8

0
0
0

8/1/81
.00002
.0008
.02
.05
.35
.60

.75

.38

.05

.5

.1
0
.25
.025
0

1
1
0

1
1
0

0
.125
.8

0
0
0

2/1/82
.00002
.0008
.02
.05
.20
.75

.75

.38

.05
1
.2
.05
.25
.025
0

1
1
0

1
1
0

0
.125
.57

0
0
0
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7d (bf, all sectors) 1

7e (tf, N)
(tf, NNE)
(tf, NE)
(tf, ENE)
(tf, E)
(tf, ESE)
(tf, SE)
(tf, SSE)
(tf, S)
(tf, SSW)
(tf, SW)
(tf, WSW)
(tf, W)
(tf, WNW)
(tf, NW)
(tf, NNW)

7f (If, N)
(If, NNE)
(If, NE)
(If, ENE)
(If, E)
(If, ESE)
(If, SE)
(If, SSE)
(If, S)
(If, SSW)
(If, SW)
(If, WSW)
(If, W)
(If, WNW)
(If, NW)
(If, NNW)

7g (vg, N)
(vg, NNE)
(vg, NE)
(vg, ENE)
(vg, E)
(vg, ESE)
(vg, SE)
(vg, SSE)
(vg, S)
(vg, SSW)
(vg, SW)
(vg, WSW)
(vg, W)
(vg, WNW)
(vg, NW)
(vg, NNW)

.04

.08

.14

.16

.16

.13

.10

.06

.04

.02

.01

.01

.01

.01

.01

.02

.1

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.1

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.06

.04

.08

.14

.16

.16

.13

.10

.06

.04

.02

.01

.01

.01

.01

.01

.02

.9

.05

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.05

.6

.3

.01

.01

.01

.01

.01
0
0
0
0
0
0
0
.01
.05

.04

.08

.14

.16

.16

.13

.10

.06

.04

.02

.01

.01

.01

.01

.01

.02

.9

.05

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.05

.6

.3

.01

.01

.01

.01

.01
0
0
0
0
0
0
0
.01
.05

.04

.08

.14

.16

.16

.13

.10

.06

.04

.02

.01

.01

.01

.01

.01

.02

.9

.05

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.004

.05

.6

.3

.01

.01

.01

.01

.01
0
0
0
0
0
0
0
.01
.05
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8a (pf) 
8b (mf) 
8c (Ib) 
8d (bf, 0-5 km)

(bf, 5-10 km)
(bf, 10-15 km) 

8e (tf) 
8f (If) 
8g (vg)

9a (pf)
9b (mf)
9c (Ib)
9d (bf)
9e (tf, 10 cm)
9f (If)
9g (vg)

10 (Case 1) 
(Case 2)

11 .8 .5 .9 .99

.33

.2
1
.01
.001
.0001
1
.2
.5

1
.1
1
1
.001
.001
.5

1
.2

.33

.2.
1
.01
.001
.0001
1
.2
.5

1
.1
1
1
.001
.001
.5

1
.2

.33

.2
1
.01
.001
.0001
1
.2
.5

1
.1
1
1
.001
.001
.5

1
.2

.33

.2
1
.01
.001
.0001
1
.2
.5

1
.1
1
1
.001
.001
.5

1
.2
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Appendices 4-7: Volcanic risks to human life at Mount St. Helens

Appendices 4-7 give approximate probabilities that a given 
individual, at various distances and directions from Mount St. Helens, 
will be killed by volcanic activity in the year following a specified 
date. Appendix 4 gives values as of February 1980; appendix 5, as of 
June 1, 1980; appendix 6, as of August 1981, and appendix 7, as of 
February 1982. Two cases are considered: a "full-time hermit" case in 
which the individual remains in the area 24 hours/day, 365 days/year, 
without provision for warning or evacuation; and a "typical worker" case 
in which an individual is in the area 8 hours/day, 220 days/year, and is 
able to receive warnings and evacuate.

Values are given as logarithms, to the base 10, of the calculated 
order of magnitude of risk. A value of -1 means that the individual has 
a roughly 10~1 or 0.1 (10%) chance of being killed at some time in the 
next year. When an eruption is deemed imminent, the short-term risks 
are, of course, much higher (perhaps 100-1000 times higher) than the 
annual risks shown here. When monitoring indicates that the volcano is 
quiet, the short-term risks are perhaps 10-100 times lower than those 
shown here. Values presented in this table are approximate; actual 
values are probably within plus or minus one order of magnitude. No 
rigorous error analysis is possible. No significance should be attached 
to any small differences in probability shown here; rather, the table is 
intended to indicate which are the most serious volcanic risks at each 
location. Appendices 4-7 form the basis, prior to final topographic 
corrections, of Figures 1-4, respectively.
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Appendix 4. Volcanic risks at St. Helens, as of February 1980 
Case 1: Full-time hermit, without radio.
(Values are the logarithms, base 10, of the annual risks of death from volcanic 
events, e.g., "-1" indicates a risk of 10"1 = 0.1; "-2" indicates a risk of 10~2 
= 0.01, etc.)
Abbreviations: "pf" = pyroclastic flow, "tnf" = mudflow, "Ib" = lateral blast or 
pyroclastic surge; "x" = diverted topography into another sector; " " = risk 
greater than 0 but less than 10~12/yr .

Km
from
vent
5 Pf

mf
Ib

N

-10
-11
-10

NNE

-10
-11
-10

NE ENE E

-10
-11
-10

(risks from other volcanic
tot

10 pf
mf
Ib
tot

15 pf
mf
tot

20 pf
mf
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30 mf

40 mf

50 mf
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-11
-11

X

X

X

X

X

X

X

X
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Risks at 100 and 200 km are less than 10~12 /yr.
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Appendix 4. Case 2: Typical Worker (same abbreviations as Case 1)

Km N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW

5 pf -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11 -11

10 pf x -12 x x x -11 -12 -12 -12 -12 -12 -12 -12 -12 -11 x

15 pf x   x x x x -12 x x x x x x -12 x x

Risks at 20, 30, 40, 50, 100 and 200 km are less than 10~12 /yr
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Appendix 5. Volcanic risks at Mount St. Helens, as of June 1, 1980 
Case 1: Full-time hermit, without radio.
(Values are the logarithms, base 10, of the annual risks of death from volcanic events, 
e.g., "-1" indicates a risk of 10"1 = 0.1; "-2" indicates a risk of 10~2 = 0.01, etc.) 
Abbreviations: "pf" = pyroclastic flow, "mf" = mudflow, "bal" = ballistic fragments, 
"Ib" = lateral blast or pyroclastic surge, "tf" = tephra fall, "If" = lava flow, "vg" = 
volcanic gases, "x" = diverted topography into another sector; " " = risk greater than 
0 but less than 10~12 /yr.
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Appendix 5. Case 1: Full time hermit, without radio (continued).
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Appendix 5.(continued) Case 2: Typical Worker (same abbreviations as Case 1)
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Appendix 6. Volcanic risks at Mount St. Helens, as of August 1981: 
Case 1: Full-time hermit, without radio.
(Values are the logarithms, base 10, of the annual risks of death from volcanic events, 
e.g., "-1" indicates a risk of 10~1 = 0.1; "-2" indicates a risk of 10~2 = 0.01, 
etc.)
Abbreviations: "pf" = pyroclastic flow, "mf" - mudflow, "bal" = ballistic 
fragments, "lb" = lateral blast or pyroclastic surge, "tf" = tephra fall, "If" = 
lava flow, "vg" = volcanic gases, "x" = diverted topography into another sector; "-" 
= risk greater than 0 but too small to estimate.
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Appendix 6. Case 1: Full time hermit, without radio (continued).
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Appendix 6. Case 2: Typical Worker (same abbreviations as Case 1)
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Appendix 7. Volcanic risks at Mount St. Helens, as of February 1982: 
Case 1: Full-time hermit, without radio.
(Values are the logarithms, base 10, of the annual risks of death from volcanic events, 
e.g., "-1" indicates a risk of 10~1 = 0.1; "-2" indicates a risk of 10~2 = 0.01, etc.) 
Abbreviations: "pf" = pyroclastic flow, "mf" = mudflow, "bal" = ballistic fragments, 
"lb" = lateral blast or pyroclastic surge, "tf" = tephra fall, "If" = lava flow, "vg" = 
volcanic gases, "x" = diverted topography into another sector; "-" = risk greater than 0 
but too small to estimate.
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Appendix 7. Case 1: Full time hermit, without radio (continued).
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Appendix 7. Case 2: Typical Worker (same abbreviations as Case 1)
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